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Abstract
ISIS is a world leading centre for research in the physical and life sciences at the Rutherford Appleton Laboratory.
ISIS is used primarily for neutron production but it is also an intense source of pulsed muons. Muon target optimisation
studies were performed with the Geant4 code as restrictions are imposed on target thickness, as this will aﬀect the
proton transmission to the second neutron target. In this paper we investigate the impact of incident proton energy on
muon production and possible target geometries and target materials.
1. Aplications of GEANT4 to ISIS Muon Production
Studies of target optimisation for muon production were performed for the ISIS target geometry using the Monte
Carlo code Geant4 [1]. The muon beamline components were modelled in the computer code: the target, the beam
window and the collimators. The target is a graphite plate of 5x5x0.7 cm3 oriented at 45 degrees to the proton
beam and giving an eﬀective length of 1 cm along the beam. The target thickness is limited by the fact that the
proton transmission through the target must be kept at a reasonable level (usually 96%) to prevent the loss in neutron
production at the downstream neutron facility. The proton transmission is deﬁned as the fraction of protons passing
through the collimation system which consists of two collimators. Both collimators are angled cones made of Cu and
having a length of 40 cm. The ﬁrst collimator has an inner radius of 37.5 mm and an outer radius of 54.15 mm and
intercepts protons scattered beyond 41.6 mrad. The second collimator has an inner radius of 51.0 mm and an outer
radius of 61.4 mm and intercepts protons at angles grater than 28.8 mrad. The pions and muons are extracted into
two beamlines each at 90 degrees to the proton beam and these two beamlines are separated from the main proton
beam and target vacuum vessel by a thin aluminium window situated at 15 cm from the target centre and having a
diameter of 8 cm. The ISIS nominal beam proton energy is 800 MeV and three hadronic models are applicable in
the ISIS energy range: the Bertini Cascade model, the Binary Cascade model and the intranuclear cascade model
INCL-ABLA [2]. Validation studies of the three theoretical models against experimental measured data was done
for a 730 MeV incident proton beam on a Carbon target. The experimental data was collected at the Lawrence
Radiation Laboratory cyclotron at an experiment performed by Cochran et al. [3]. The experiment aimed to measure
the pion production cross-sections on a liquid hydrogen target and various solid targets over a wide range of production
angles and pion energies. The validation studies showed good agreement between simulation and experimental data
(Fig. 1). Although their predictions are similar, the Binary Cascade model and the INCL-ABLA model have the
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main disadvantage of microscopic precision that is CPU intensive and for this reason the Bertini cascade model was
preferred in all simulations [4]. In all simulations, a total number of 109 incident protons on the target were simulated.
(a) pion production at a 15 degrees angle. (b) pion production at a 45 degrees angle.
Figure 1: Validation of the three hadronic models (Bertini, Binary Cascade and INCL-ABLA) against experimental data for 730 MeV incident
protons on a Carbon target. The double diﬀerential cross section for positive pions is given for a) 15 degrees and b) 45 degrees production angles
with respect to the proton beam.
2. Energy of the Proton Beam
One important design parameters of a muon facility is the energy of the proton driver. The threshold for single pion
production reactions as a result of the proton-nucleon interactions inside the target is 280 MeV in the laboratory frame.
To obtain a maximum number of single pions the incident proton beam should have an energy in the range 500-800
MeV. However, at higher energies it is possible to produce pions in pairs [5]. Double pion production reactions occur
if there is suﬃcient energy in the collision, and are typical for proton energies beyond 1 GeV. The muons produced by
low energy pions which come to rest and decay in the target have low energy as well. Only those muons produced by
pions decaying at rest near the surface have suﬃcient energy to escape from inside the target and they are known in
literature as surface muons. However, only surface positive muons are produced because the negative pions stopped
inside the target are captured by the carbon nuclei. The surface muons have a momentum range 0-30 MeV/c. The
muon beam has a high intensity due to the high stopping pion density inside the target. In order to detect all the
surface muons, the target was surrounded by a spherical shell in the GEANT4 simulations.
The shell is made of vacuum to avoid particle scattering and has a minimum radius of 14 cm and a maximum
radius of 16 cm. Figure 2 shows the total muon production rate (surface muons and muons from pions decaying
in ﬂight and having a momentum lower than 30 MeV/c) for various incident proton energies. A peak at about 500
MeV can be observed in the muon production rate. Increasing the proton energy above this value merely produces
more high momentum pions in the forward direction, mostly well outside the momentum range likely to be used
by a decay beam, though there is a small increase in the useful range. At higher proton beam energies, most pions
have high kinetic energy and escape the target rather than coming to rest and having time to decay to surface muons.
The normalisation to the proton beam energy is also shown since this is proportional to the μ+ yield per Watt of
beam power. The peak is shown clearly at about 450-500 MeV. Increasing the proton energy above this value merely
produces more high momentum pions in the forward direction, mostly well outside the momentum range likely to be
used by a decay beam.
3. Target Material Studies
Because ISIS is primarily a neutron facility, little can be done to the energy of the proton driver to improve muon
beam intensities. Therefore a substantial gain in intensity can be achieved through optimisation of the material target
and target geometry. Low-Z materials with high melting points like graphite and beryllium are used as target material.
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(a) muon production as a function of incident proton energy. (b) normalisation of the muon yield to the accelerator power.
Figure 2: Total muon production rate for various incident proton energies. Positive surface muons and muons from pions in ﬂight with momentum
lower than 30 MeV/c are detected in a spherical shell surrounding the target .
Both graphite and beryllium have a low density therefore the proton beam passes through the target without signiﬁcant
interactions. Figure 3 shows the total number of surface muons produced versus target thickness for graphite and
beryllium. The total muon ﬂux is higher in graphite than beryllium and, for a target thickness greater than 2 mm, is
increasing linearly with the target thickness. For a target thickness of 14 mm, the proton transmission is 93.6% and
93.2% for the graphite and Be target respectively. Nickel was also considered a potential high Z target material as
it may be suitable for coating conventional targets. As nickel has a higher density than graphite and beryllium, the
nickel target will be much thinner (1.6 mm for 96% proton transmission). The surface muon yield for the nickel target
is lower than the graphite target yield for similar proton transmissions [6], however the ratio between surface muons
and low-momentum muons coming from pions decaying in ﬂight is higher in nickel than in the other two materials
indicating that thinner targets produce relatively more surface muons as a fraction of the total yield.
Figure 3: Surface muon production rate as a function of target thickness for graphite and beryllium for 96% proton transmission.
4. Geometry Studies
Studies have shown that although restrictions are imposed on the target thickness it could be possible to improve
the muon production by optimising the target geometry. Instead of the 7 mm thick target one could use a set of slabs
placed at variable distance and rotated at 45 degrees with respect to the proton beam. The total thickness of the set of
slabs must be the same as the thickness of the original target. The performance of a double and triple slab geometry
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was analysed by varying the distance between the slabs [7]. When slices are too close, a fraction of the surface
muons does not reach the beam window because of the channelling between the slabs. As the distance between the
slabs is increased, the surface muon production is increasing. However, the surface muons reaching the ISIS beam
window under large angles had to be excluded because they do not even enter the ﬁrst quadrupole and can not be
transmitted. In order to get the usable yield, one must apply the angular cut appropriate to the muon beam line. Only
those muons emerging from the target within a vertical acceptance of ±5 mm and a horizontal acceptance of ±30 mm
with divergence of 35 mrad in the horizontal direction and 180 mrad in the vertical direction and momentum in the
range 25-27 MeV/c per unit charge are accepted by the muon beamline. A two slabs target design results in a higher
surface muon yield which can be increased by up to 20% with respect to the present target design conﬁguration, for
the optimum distance of 40 mm between the slabs. Having a three slab target design results in a further increase in
the surface muon yield, increased by up to 35% with respect to the original conﬁguration for the optimum distance of
about 20 mm between the slices (Fig 4). For the two slabs geometry the surface muon rate starts to decrease as the
slabs are moved apart and it drops to zero at 100 mm as the distance between them is greater than the beam window
diameter. For the three slab target geometry the rate increases initially with the distance but when the distance between
them is about 50 mm, the only surface muons collected by the beam window are those produced in the central slab
and therefore the muon rate becomes constant.
(a) slabs target geometry. (b) surface muons detected by a spherical shell sur-
rounding the slabs.
(c) surface muons detected by the ISIS beam
window.
Figure 4: Surface muon production for a two and three slab target geometry as a function of the distance between the slabs. The total slabs thickness
is the same as the ISIS original target.
5. Conclusions
GEANT4 has proved extremely useful in modelling the ISIS muon production target, and the studies presented
here suggest possibilities for increasing muon production eﬃciency at ISIS through optimisation of target geometry
and material. Signiﬁcantly our results show that the optimal proton beam energy for surface muon production is close
to 500MeV, a factor that should be taken into account in the development of future muon facilities for studies in
condensed matter.
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